• Heterobasidiomycetous species of the Sebacinaceae family, previously considered as saprophytes or parasites, are shown here to form ectomycorrhizas on temperate forest trees.
Introduction
The division Basidiomycota includes the Uredinomycetes, the Ustilaginomycetes and the Hymenomycetes (Swann & Taylor, 1993; Begerow et al ., 1997) . The latter group encompasses the homobasidiomycetes, and the heterobasidiomycetous orders Ceratobasidiales, Tulasnellales, Tremellales, Auriculariales and Dacrymycetales. These heterobasidiomycetous hymenomycetes are now considered as a paraphyletic grouping of lineages basal to the homobasidiomycetes (Begerow et al ., 1997; Weiß & Oberwinkler, 2001) . While the Urediniomycetes and Ustilaginomycetes are predominantly phytoparasitic , the heterobasidiomycetous hymenomycetes are usually considered as mycoparasitic and/or saprophytic (Roberts, 1993; Wells, 1994; Worrall et al ., 1997; Wells & Bandoni, 2001 ), although few data are available on their trophic behaviour in natura . In addition, some species are able to colonize living tissues, since heterobasidiomycetous hymenomycetes include several orchid symbionts belonging to the Rhizoctonia genus.
Rhizoctonia is a large genus of asexually reproducing (= anamorphic) fungi that has been recently divided in several anamorphic genera after reexamination of cytological characters (such as the number of nuclei per cell and the structure of the septal pore) and molecular data (Moore, 1987; Andersen, 1996; Roberts, 1999) . These features, as well as the meiotic sporulation observed on some isolates, also allowed classification of most of them among teleomorphic (= sexually reproducing) genera (Warcup & Talbot, 1967; Wells, 1994; Andersen, 1996; Roberts, 1999) . As a consequence, many orchid symbionts have been ascribed to the heterobasidiomycetous hymenomycetes (Rasmussen, 1995; Smith & Read, 1997) , for example Epulorhiza to Tulasnella and Sebacina , Ceratorhiza to Ceratobasidium or Moniliopsis to Thanatephorus .
Out of the orchid roots, these fungi are nevertheless thought to be saprophytic or parasitic on plants (Rasmussen, 1995; Moore, 1996) . It was also suggested that some could associate with the roots of trees and shrubs to form sheathing mycorrhizas, the so-called ectomycorrhizas (Smith & Read, 1997) . Tulasnella calospora was isolated from Pinus banksiana ectomycorrhizas in Canada ( Warcup & Talbot, 1967) and several Sebacina vermifera strains were isolated from ectomycorrhizae collected in Australia ( Warcup, 1988) . Inoculation experiments showed that Thanatephorus gardneri and Sebacina vermifera were able to form ectomycorrhizas on two Myrtaceae ( Melaleuca uncinata and Eucalyptus obliqua ) as well as on several herbs ( Warcup, 1988 ( Warcup, , 1991 . But these reports did not provide definitive evidence of the ectomycorrhizal status, since contamination can occur during the isolation and inoculation experiments can induce artefactual interactions, for example due to the axenic conditions or to the high inoculum level. Rigorous assessment of the ectomycorrhizal status would require direct observations of field-collected ectomycorrhizas, with molecular identification of the fungal partner, and microscopic analyses ensuring the uniqueness of the fungal partner, as well as the presence of characterizing structures (i.e. a hyphal mantle around the root and a Hartig net between cortical cells). Ultrastructural investigations of spruce ( Picea abies ) ectomycorrhizas by Haug & Oberwinkler (1987) suggested that some fungal partners of this tree may be heterobasidiomycetous hymenomycetes. They lacked clamp-connections and perforations in the caps (the reticulum layer surrounding the dolipore linking adjacent cell, also called 'parenthesome'), a combination of features unique to several heterobasidiomycetous hymenomycetes (Weiß & Oberwinkler, 2001) . But this study did not provide more precise identification of the fungal partner.
Recent studies of orchid symbionts again raised the possibility of an ectomycorrhizal status for heterobasidiomycetous hymenomycetes related to the genus Sebacina (hereafter called 'sebacinoid species'). All achlorophyllous orchids studied to date have been shown to associate with ectomycorrhizal homobasidiomycetes, therefore forming a tripartite association with surrounding trees that indirectly provide the carbon resources (Taylor & Bruns, 1997 , 1999 Selosse et al ., 2002) . However, various sebacinoid species were shown to be exclusive symbionts of the achlorophyllous orchid Neottia nidus-avis , raising the hypothesis that they could be ectomycorrhizal on surrounding trees (McKendrick et al ., 2002; Selosse et al ., 2002) . Moreover, in a previous study (Selosse et al ., 2002) , molecular investigations of the ectomycorrhizas found within root systems of N. nidus-avis showed that in most cases the fungal ITS sequence amplified was that of a sebacinoid fungus. But this is hardly evidence, as sebacinoid strains were present on many mycorrhizas in which they were not the expected partner, including vesicular-arbuscular endomycorrhizas (Williams, 1984) , ascomycete ectomycorrhizas (Warcup, 1988) and ericoid endomycorrhizas (S. M. Berch & M. Berbee, pers. comm.), as well as from dead material (Roberts, 1993) . They could then be interpreted as saprophytes growing as opportunists on decaying mycorrhizas, or even as parasites of mycorrhizal fungi: the resident, parasitized ectomycorrhizal fungus would therefore be difficult to isolate and its decayed DNA would be neither extractable nor amplifiable by PCR, falsely suggesting that the sebacinoid is the mycorrhizal partner. This interpretation is also supported by the fact that some Sebacina species develop in the hymenium of various corticioid fungi (Oberwinkler, 1964; Jülich, 1983) , a co-ocurrence sometimes interpreted as mycoparasitism ( Jülich, 1983) , although no anatomical data support this to our knowledge.
However, the preliminary results on N. nidus-avis symbionts (Selosse et al ., 2002) and the in vitro studies of Warcup (1988) suggest that sebacinoid species represent a suitable model to test whether some heterobasidiomycetous hymenomycetes are able to form true ectomycorrhizas in silva or behave as mycorrhizal parasites. In order to assess this, we analyzed ectomycorrhizas by combining molecular and microscopic investigations. Since putative sebacinoid ectomycorrhizas occur in the vicinity of N. nidus-avis root systems, we sampled ectomycorrhizas from a French forest site that harbours a population of this orchid. In addition, sebacinoid sporophores and associated ectomycorrhizas were also collected from this site. Given that isolation of sebacinoids associated with N. nidus-avis failed so far (Rasmussen, 1995, M.-A. Selosse, unpublished data) , only in situ analysis (but not in vitro synthesis experiments) can demonstrate their ectomycorrhizal abilities. The typing of both the host tree and the fungus was performed by ITS amplification, a method that allows a good taxonomic identification of the plant and fungal partners (Gardes & Bruns, 1993) . To ensure further the identification of the fungus, light and electron microscopy studies were conducted to confirm that it had sebacinoid morphological features and formed the expected ectomycorrhizal structures. Sebacinoids are clampless (Weiß & Oberwinkler, 2001) and have characteristic dolipores with imperforate caps (Kahn & Kimbrough, 1980; Keller, 1992; Wells, 1994; Andersen, 1996; Moore, 1996) . Combining these tools, we report here on the description of ectomycorrhizas formed by two putative species of sebacinoids, that show a large host-spectrum and an intracellular colonization of some root cells.
Materials and Methods

Study site
Since putative sebacinoid ectomycorrhizas occur intermingled with roots of the orchid Neottia nidus-avis (L.) L.C.M. Rich. (Selosse et al ., 2002) , the sampling was conducted in a 55 × 20 m 2 orchid population growing in a forest site near Nancy (Lorraine, France), at La Fontaine Sainte-Anne (48 ° 36 ′ N, 3 ° 44 ′ E). This site, which includes the population L1 studied by Selosse et al . (2002) , is at an elevation of about 300 m and is exposed north-east with an inclination of 10 -30 ° , at the bottom of a calcareous hill. The average annual precipitation is 740 mm, evenly distributed throughout the year, with a mean annual temperature of 9.8 ° C (maximum 37.6 ° C, minimum 24.8 ° C; mean and extrema over the 50 last years). The soil is a rendzine, moistened over the whole year by resurgence sources and covered by a well-mineralized mull. 
Sampling
Sampling A was designed to conduct simultaneous molecular and microscopic analyses of ectomycorrhizas growing in an N. nidus-avis root system, in order to ascertain that sebacinoid fungi that colonize the orchid form true ectomycorrhizas on surrounding tree roots, as suggested by Selosse et al . (2002) . An orchid root system was collected in May 2001 with a 15 × 15 × 15 cm soil core surrounding it and was carefully washed under a field magnifying glass. Each lateral mycorrhizal root was considered as a single ectomycorrhiza, and each apex of the lateral root was counted as a 'tip'. Twelve ectomycorrhizas (= 57 tips) were found and preliminarily sorted on the basis of colour and habit (see morphotypes in Table 1 ). Each ectomycorrhiza was separated in two parts: one was quickly frozen for DNA typing (except for ectomycorrhizas A4 and A9, see Table 1 ), while the second was preserved in ethanol (70% v/v in water) for microscopic investigations. Two roots of the orchids were also preserved in order to assess the fungal symbiont of this root system. Sampling B was designed to identify the sebacinoid(s) present on this site through their sporophores and to look for potential sebacinoid ectomycorrhizas associated with sporophores. From the study of Selosse et al . (2002, site L1) , one or two sebacinoid(s) were at least expected, since only two closely related ITS sequences (AF440649 and AF440654) were obtained from orchid roots of this population. The site was surveyed every 15 d over the year 2001 and four sporophores of Sebacina sp. were found in September 2001 (two were growing directly on soil, the third on the base of a Corylus stem and the fourth on a dead fallen stem). Sporophores were in part frozen for DNA typing and in part preserved in 70% ethanol for microscopic investigations. A 6 × 6 × 6 cm soil core was sampled under each sporophore in order to look for ectomycorrhizas. Only one of the soil-growing sporophores produced six ectomycorrhizas (37 tips, Table 1 ). As previously, they were preliminarily sorted and were in part frozen for DNA typing and in part fixed for microscopic investigations (Table 1) . Since the preliminary results of electron microscopy were of low quality for sampling A, sampling B was fixed using a 2% glutaraldehyde solution in 0.5 M sodium phosphate buffer at pH 7.2.
Sampling C was designed to assess the diversity of host trees associated with ectomycorrhizal sebacinoids at this site. For this purpose, we pooled two sets of ectomycorrhizas: the ectomycorrhizas found by Selosse et al . (2002) on this site (root systems L1-01 and L1-13, i.e. 14 putative sebacinoid ectomycorrhizas accounting for 17 apices), and a set of ectomycorrhizas collected for the purpose of this study, that were found within four orchid root systems collected in September 2001 (23 ectomycorrhizas, accounting for 35 tips). In the latter sampling, two roots of each orchid were also preserved in order to assess their fungal symbionts and the material was quickly frozen. In all, sampling C encompasses 37 ectomycorrhizas (52 tips).
DNA extraction, amplification and sequencing
All samples were kept at − 80 ° C before molecular analysis and DNA extraction was carried out as described in Selosse et al . (2002) . The DNA extracted from sporophores, orchid roots and ectomycorrhizas was submitted to amplification of the fungal ITS using primers ITS1F and ITS4 (Gardes & Bruns, 1993) under the same conditions as in Selosse et al . (2002) . The plant ITS was amplified from ectomycorrhizal DNA using primers ITS4 and ITS1P (5 ′ -CTTTATCATTTAGAGGAAGGAAG-3 ′ , specific to plants) in 50 µl, with final concentrations of 66 µM for each dNTP, 0.6 µM for each of the primers (Laboratoires Eurobio, Les Ulis, France), 10 mM TrisHCl, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mg ml − 1 gelatin, 0.1% (v/v) Triton X100, 5%
(v/v) dimethyl-sulphoxide, 1.5 units of Taq DNA polymerase (Quantum R. Appligène, Illkirch, France) and 3.5 µl of the extracted DNA. Reactions were performed in a TRIOThermoblock (Biometra, Göttingen, Germany) under the following regime: initial denaturation at 94 ° C for 4 min, followed by 35 cycles of denaturation at 94 ° C for 30 s, annealing at 50 ° C for 30 s and extension at 72 ° C for 40 s. After purification of the PCR products, sequencing was performed as in Selosse et al . (2002) using primers ITS4 and ITS1P or ITS1F. If the ITS sequence proved to be different from the two sebacinoids previously found on this site by Selosse et al . (2002) , as in sampling B (see below), a larger product including the 5 ′ part of the 28S rDNA was amplified using primers ITS1F and TW13 (5′-GGTCCGTGTTTCAAGACG-3′; O'Donnell, 1993) and sequencing of the whole product was performed using the internal primers ITS3 (5′-GTCGATGAAGAACGCAGC-3′), C1′ (5′-ACCCGCTGAATTTAAGCAT-3′) and C2 (5′-TGAACTCTCTCTTCAAAGTTCTTTTC-3′). In sampling C, only PCR products of the size expected for sebacinoids were sequenced (this work is in part reported in Selosse et al., 2002) . Sequences were edited and assembled using Sequencher™ 3.11 for MacOS from Genes Codes (Ann Arbor, USA). The consensus sequences were deposited in the GenBank of the National Center for Biotechnology Information (NCBI); accession numbers are given in Tables 1, 2 and 3.
Molecular identification
Searches for sequence identity were conducted using the BLASTN algorithm at the <http://www.ncbi.nih.gov/blast/ blast.cgi> page of the NCBI (Altschul et al., 1997) using default settings. For the sebacinoids, an alignment of the D1/ D2 region of the 28S rDNA sequences was performed with a subsample of the species used in Weiβ & Oberwinkler (2001) : Agaricus augustus (AF291286), Amanita muscaria (AF024465), Auricularia auricula-judae (AF291289), Dacrymyces stillatus (AF291309), Exidia glandulosa (AF291319), Fomes fomentarius (AF291331), Russula cyanoxantha (AF291361), Sebacina dimitica (AF291364), Sebacina incrustans (AF291365), S. dimitica (AF291364), S. vermifera sensu Warcup & Talbot (AF291366) , Tremella foliacea (AF29137) and T. mesenterica (AF011570). Alignment was done with ClustalXI (Thompson et al., 1997) , with manual corrections using Se-Al 1.0 (Rambaut, 1996) . 
*In brackets: number used for microscopic investigations + number used for molecular investigations. **Identification of the putative ectomycorrhizal fungus using light microscopy; in brackets: number of tips colonized when two different fungi were identified. ***See Table 2 for details on the molecular identification of the partners. ****ITS identical to that of the orchid root symbiont (AF440649). *****ITS identical to that of the sporophore growing above the ectomycorrhizas (AF465185).
Phylogenetic analysis was performed using PAUP* (Swofford, 1998) , version 4.0b8, to do the neighbour-joining analysis (Saitou & Nei, 1987) , combined with 1000 bootstrap replicates (Felsenstein, 1985) ; genetic distances were Kimura 2-parameter distances (Kimura, 1980) .
Light and electron microscopy
Morphology and anatomy of ectomycorrhizal morphotypes from samplings A and B were described following Agerer, 1991) methods, with some modifications. Colour and texture of EcM immersed in water were recorded using a dissecting microscope (10 -40X). Anatomy of the mantle was described from peels mounted in lactic acid using a compound microscope at 1000X with Nomarski's interference contrast. 16 µm thick longitudinal sections of EcM were cut using a cryotome. Sections were subsequently mounted in lactic acid and observed with a compound microscope at 1000X with phase contrast. Vouchers were deposited in the B. Moyersoen collection (BMXX100-123). Putative sebacinoid ectomycorrhizas from samplings A and B were also submitted to transmission microscopy analysis (TEM) investigations in order to observe the symbiotic structures and confirm the fungal identification. Fixed material was submitted to six transfers in 0.1 M sodium cacodylate buffer. Samples were then postfixed in 1% osmium tetroxide in the same buffer for 1 h in the dark, washed in distilled water and stained in 1% aqueous uranyl acetate for 1 h in the dark. After five washes in distilled water, samples were dehydrated in acetone, using 10 min changes at 25%, 50%, 70%, 95%, and three times in 100% acetone. Samples were embedded in Spurr's plastic and sectioned with a diamond knife. Semi-thin sections were stained with new fuchsin and crystal violet, mounted in Entellan and used for light microscopy studies. Ultrathin, serial sections were mounted on formvar-coated, single-slot copper grids, stained with lead citrate at room temperature for 5 min and washed with distilled water. They were examined using a transmission electron microscope operating at 80 kV.
Results
Sampling A revealed a putative ectomycorrhizal sebacinaceae
The 12 ectomycorrhizas collected in an N. nidus-avis root system (sampling A) belonged to four morphotypes (M1 to M4, Table 1 ). Morphotype M1 (mycorrhizas A1 to A4) encompassed two thelephoroids (#1 and #2, Table 1 ): a thelephoroid ITS was amplified from ectomycorrhizas A1 and A2 (thelephoraceae #1, likely corresponding to thelephoroid #1, Table 2 ) and microscopic analysis revealed characters common among Thelephoraceae (Agerer & Weiss, 1989; Agerer et al., 1995) : brown colour, pseudoparenchymatous mantle, thickwalled emanating hyphae (ornamented in thelephoroid #1 and with setiform cystidia in thelephoroid #2). Ectomycorrhiza A4 was also colonized by thelephoroid #1, but one apex exhibited a fungus identical to that of ectomycorrhizas A5 to A10 (Table 1) , probably explaining the divergent ITS amplified from this sample. Ectomycorrhiza A11 had cortinaroid characters including cottony habit, plectenchymatous mantle and clamped hyphae arranged loosely on the surface but more densely in deeper layers (Wiedmer & Senn-Irlet, 2001 ); unfortunately, ITS typing failed in this case. Ectomycorrhiza Table 2 BLAST analysis of the ITS sequences of the ectomycorrhizal partners in ectomycorrhizas from samplings A, B and C (with the exception of the sebacinoid fungi, see Fig. 1 *As found by BLAST analysis. **Percent identity over the part of the sequences shared by the two GenBank accessions (the length of this alignment is given in brackets). ***The same ITS was found on this site by Selosse et al. (2002) . ****The two closest GenBank sequences are identical over the whole shared sequence.
A12, whose fungal ITS was related to Boletaceae (Table 2) , exhibited plectenchymatous mantle with simple septated hyphae and crystals in surface mantle layer, as described for Suillus ectomycorrhizas (Goodman et al., 1998) . The most represented morphotype (M2, ectomycorrhizas A5 to A10) produced a fungal ITS sequence (AF440649, sebacinaceae #1 - Fig. 1 ) identical to the sebacinoid symbiont of the orchid roots already found in this population (Selosse et al., 2002) . To our knowledge, no similar morphotype has been described: ectomycorrhizas were brownish and cottony with dichotomous irregularly pinnate ramifications. Emanating hyphae were abundant, occurring throughout, but rhizomorphs were lacking. The outer surface of the mantle (Fig. 2a,b) was plectenchymatous, sometimes like a pseudoparenchyma, arranged densely with no recognizable pattern (hyphae irregularly shaped, septa simple and wall thickness 0.5-2 µm) with presence of a matrix. Deeper layers were plectenchymatous and similarly arranged, with hyphae thinner than in the surface layer. Emanating hyphae (Fig. 2c ) were 1.5-4 µm in diameter, becoming thinner at the distal end (walls 0.5-2 µm thick and smooth, septa simple, thinner or same thickness as walls, hyphal shape branched); distal hyphal ends were nondifferentiated, with thinner walls and somewhat swollen and tortuous, sometimes producing protuberances in contact with soil particles (Fig. 2c ). Anastomoses were lacking as expected in sebacinoid species. The mantle was 25-40 µm thick and the Hartig net was paraepidermical (Fig. 2b) . The presence of a single, septate and clampless fungus, and the molecular identification, suggest that M2 represents sebacinoid ectomycorrhizas.
The only discrepancy between the microscopic and molecular analyses, namely for ectomycorrhiza A4 (Table 1) , likely resulted from independent colonization by two fungi. Ectomycorrhiza A3 also illustrates a heterogeneous, independent colonization that was not recognized during the preliminary morphotyping. However, whenever a sebacinoid ITS was found, the same septate and clampless fungus was present on the roots.
Sampling B revealed a second putative ectomycorrhizal sebacinaceae
We surveyed the site so as to collect sporophores of sebacinaceae #1, in order to identify it. Four sporophores were collected in autumn 2001 on a 1.5 m 2 × 1.5 m 2 area. Unfortunately, they were not ripe at time of sampling and did not bear basidia, preventing their precise identification. All sporophores had the same ITS + 28S rDNA sequence (AF465185), showing that they were all related to the same sebacinoid species (sebacinaceae #2, Fig. 1 ), but differed from sebacinaceae #1 by their ITS (12.5% divergence) and 28S rDNA sequence (11.1% divergence).
Ectomycorrhizas were found under only one sporophore, belonging to two morphotypes (M5 and M6, Table 1 ). Molecular analysis showed that morphotype M6 was of thelephoroid origin (Table 2 ; it was therefore not further analyzed). Morphotype M5 (Fig. 3a) always produced an ITS sequence identical to that of the sporophore growing above (Table 1) . It was similar in shape to M2, although not dichotomously branched, less cottony, and with a more orangebrown colour. Light microscopy revealed that it was colonized by a single, septate and clampless fungus, in a structure identical to that of M2 (not shown): densely plectenchymatous mantle (15-27 µm thick), thick hyphal walls in outer mantle layer, simple septa and a parapidermical Hartig net.
Ultrastructure of the sebacinoid ectomycorrhizas
TEM analysis of ectomycorrhizas from sampling A was limited due to the poor fixation of intracellular structures in ethanol (Fig. 2d-g ). All ectomycorrhizas A5 to A10 had a typical hyphal mantle (Fig. 2d,e) and Hartig net (Fig. 2d,f ) . In both structures, we observed dolipores with imperforate caps that had a five-layered substructure (i.e. two unit membranes surrounding an electron-dense layer with two transparent zones around it) and straight margins (Fig. 2g) , as expected for sebacinoid fungi (Kahn & Kimbrough, 1980; Keller, 1992; Wells, 1994; Andersen, 1996) . Notably, hyphae were finer and thick-walled in the outer mantle (Fig. 2e) and inner mantle hyphae were embedded in a homogenous material. In ectomycorrhiza A10, a portion of the root section (g) Imperforate caps and dolipore of the fungus in ectomycorrhiza A5 (TEM, × 82000).
was devoid of Hartig net and hyphal mantle but showed many intracellular hyphae (Fig. 4a ). These intracellular hyphae had thin walls (Fig. 4b) and imperforate, five-layered caps. The insufficient fixation of the tissues did not allow differentiation between living and dead cells in this case, but penetrated cells seemed to have retained their shape (Fig. 4c) .
Ectomycorrhizas from sampling B were better preserved by glutaraldehyde (Fig. 3b) and also showed hyphal mantles with thick-walled hyphae at their margin (Fig. 3c) and welldeveloped Hartig nets (Fig. 3d) . In all sections, dolipores with imperforate caps (Fig. 3e,f ) , as in ectomycorrhizas A5 to A10, substantiated that the ectomycorrhizal fungus was a sebacinoid. No intracellular sebacinoid hyphae were found in this sampling.
Identification of the host trees
Sequencing of the plant ITS allowed identification of the host of the sebacinoid fungi in samplings A and B (Tables 1 and 2 ). In both cases, two tree species growing on this site were found, namely Carpinus betulus and Corylus avellana, while other ectomycorrhizal species were also present on the site: Fagus sylvatica, Quercus robur and Tilia cordata. We further assessed the host range using additional ectomycorrhizas found in other N. nidus-avis root systems from the same site (sampling C). In all, 29 out of the 37 investigated ectomycorrhizas (Table 3) showed a fungal ITS identical to the symbiont of the orchid roots where the ectomycorrhizas were sampled. This was always the ITS sequence of the sebacinaceae #1 (AF440649; Fig. 1 ). Since the detailed study of sampling A shows that ITS data confidently demonstrate the presence of a sebacinoid on the root, we used this subset to investigate the host range of sebacinaceae #1. The host for 23 ectomycorrhizas was found to be most often C. betulus or C. avellana and, less frequently, F. sylvatica and T. cordata (Table 3) , clearly showing that the association of sebacinaceae #1 with trees is not specific.
Discussion
ITS typing and microscopic analyses demonstrated that the two investigated sebacinoids form ectomycorrhizas, with characteristic features such as a Hartig net and a hyphal mantle (Figs 2 and 4) . Microscopic analysis showed that a single clampless fungus was present (Tables 1 and 2 ) whereas the ultrastructure of the septal pore apparatus (Figs 2 g, 3c and 3f ) and the ITS sequence (Fig. 1) supported the identification of sebacinoid fungi. Since they strongly differ in ITS and 28S rDNA sequence, the two investigated sebacinoids likely belong to two different species. This is, to our knowledge, the first demonstration that some Sebacinaceae are ectomycorrhizal in natural conditions. However, other current investigations also support this conclusion in European forests (A. Urban, pers. comm.), in arctic regions (M. Gardes, pers. comm.; B. Moyersoen, unpublished data) as well as in the Southern Hemisphere (Glen, 2001) , suggesting that sebacinoids are ectomycorrhizal fungi on a world-wide scale. These data are congruent with the previous observation by Warcup (1988) that Sebacina vermifera can form ectomycorrhizas in vitro: in the latter work, the mantle was only 1-2 cells thick, whereas our sebacinoids form a 6-to 10-cell-thick mantle. Interestingly, S. vermifera and our sebacinoids relate to different clades among the Sebacinaceae (Selosse et al., 2002; Weiß & Selosse, in preparation) . This, together with previous report on the amplification of various sebacinoid ITS from ectomycorrhizas (Selosse et al., 2002) , suggests that many sebacinoid ectomycorrhizas are yet to be described.
Host tree* GenBank Accession nb. Table 2 for details on molecular identification (systematic affiliation in brackets). **ITS amplification or sequencing failed. Table 3 Host trees forming sebacinoid ectomycorrhizas in sampling C Although not identified as such, sebacinoid ectomycorrhizas were probably observed in the past. For example, several spruce mycorrhizas (types 8 and 10 in Haug & Oberwinkler, 1987) were suggested, based on the septal pore apparatus, to be also formed by heterobasidiomycetous hymenomycetes. The dolipore apparatus with imperforate five-layered caps was essentially identical to the structures observed here (Figs 2g,  3c and 3f ) . Since sebacinoid ITS can not be amplified by primer ITS4B (Taylor & Bruns, 1999; Selosse et al., 2002) , which is often used in molecular description of ectomycorrhizal communities, the distribution and role of sebacinoids has probably been overlooked up to now. However, sampling A clearly showed that appropriate primers always reveal the presence of sebacinoids on roots (Table 1) . Furthermore, whether these fungi have a positive effect on tree growth, as suggested by in vitro inoculation experiments (Williams, 1984; Warcup, 1988) , or not (e.g. since they interact with achlorophyllous orchids that derive photosynthetates from the tree via the fungus, Selosse et al., 2002) , remains to be assessed in the field.
Number of ectomycorrhizas
Number of apices
Molecular and microscopic analyses converged in the identifications (Table 1) , with the exception of ectomycorrhizas A4 (Table 1) whose apex were separately colonized by two fungi, although only the sebacinoid ITS was recovered from molecular analysis. This emphasizes a limitation of our method: since ITS typing and microscopic analysis (especially TEM) were destructive, different apices of a given ectomycorrhiza were used in each investigation, possibly leading to conflicting results. The 'dual ectomycorrhizas' reported in Selosse et al. (2002) during ITS typing of N. nidus-avisassociated ectomycorrhizas, involving a sebacinoid fungus as well as another ectomycorrhizal fungus, probably resulted from such a chimeric pattern (also observed here for ectomycorrhiza A4, Table 1 ). Nevertheless, our studies did not provide any evidence of sebacinoid parasitism on other ectomycorrhizal fungi, since the colonized regions in ectomycorrhiza A4 were well separated and no sebacinoid hyphae were seen within the other neighbouring ectomycorrhizas.
Microscopic analyses revealed quite similar features in both sebacinoid ectomycorrhizas (Figs 2 and 3) , including an outer mantle with very thick hyphal walls (Figs 2c and 3c ) and characteristic emanating hyphae (Fig. 2b) . Intracellular growth reported on ectomycorrhiza A10 (Fig. 4) is not totally unexpected since the same fungus forms endomycorrhizas on neighbouring N. nidus-avis. Quite similar intracellular colonization was also described in the above-mentioned ectomycorrhizas of Haug & Oberwinkler (1987 -see their Fig. 23f ). In addition, as indicated by the caps ultrastructure (Varma et al., 1998) and ribosomal sequence (McKendrick et al., 2002; Weiß & Selosse, in preparation) , sebacinoids are closely related to Piriformospora indica ( Varma et al., 1998) , a root endophyte which also penetrates the host cells ( Varma et al., 1999) . But, due to the poor fixation of host tissues, we cannot totally exclude a saprophytic colonization of decaying cells. In addition, sebacinoid fungi were sometimes found in various nonectotrophic mycorrhizas: they were isolated from vesiculararbuscular mycorrhizas (Williams, 1984) and sebacinoids were identified from cloned sequences of 28S rDNA from roots of Gaultheria shallon, a member of Ericaceae, among various ascomycetes sequences (S. M. Berch and M. Berbee, pers. comm.; GenBank accession mbAF300774 to AF300793). It should therefore be investigated whether in these cases, sebacinoids are biotrophic endophytes of the roots, and not only contaminant saprophytes or mycoparasites.
The presence of sebacinaceae #1 on ectomycorrhizas growing in N. nidus-avis roots systems allowed assessment of its host range by recovering many ectomycorrhizas through the orchid position (Sampling C, Table 3 ). Since sebacinoid #2 was never found as an orchid symbiont on this site (nor on any other site investigated by Selosse et al., 2002) , we did not find enough mycorrhizas to confidently assess its host range. Sebacinaceae #1 was found on several host trees (C. betulus, C. avellana, F. sylvatica and T. cordata) from this site: other potential hosts, such as Quercus robur, were excluded. However, since the data arose from only seven soil cores (1 for sampling A and 6 for sampling C), we cannot exclude additional hosts. Similarly, the difference in host frequency (Table 3) may not reflect any preference. It should be noted that the presence of the orchid may also bias the true host range: achlorophyllous plants relying on an ectomycorrhizal fungus for their carbon supply can modify, at least quantitatively, the ectomycorrhizal abilities of their fungal partners (Bidartondo et al., 2000) . However, our data suggest that sebacinoids are not specialized ectomycorrhizal partners, since they interact with three tree families (from two plant orders, Table 3 ). A related sebacinoid with an ITS + 28S rDNA sequence very close to sebacinaceae #1 (AF440654 -0.4% divergence over 1280 bp) was found on Fagus sylvatica and Corylus avellana at an equal frequency (M.-A. Selosse, unpublished data), while other sebacinoid species were found on Quercus sp. roots (M.-A. Selosse, unpublished data). The data for sebacinaceae #2, although less detailed (Table 1) , show the same lack of specificity. This feature is shared by some ectomycorrhizal fungi (Smith & Read, 1997; Hibbett et al., 2000) and was observed in vitro for S. vermifera ( Warcup, 1988) and the closely related Piriformospora indica ( Varma et al., 1999) . The mycorrhizal structures formed by the sebacinoids varies with their associated host, ranging from intracellular coils with the orchid N. nidusavis to ectomycorrhizas with trees: such a morphological variability has already been described for various orchid endomycorrhizal associates that are ectomycorrhizal on tree roots Bruns, 1997 and 1999) , as well as for Hymenoscyphus ericae, an ascomycete forming ericoid mycorrhizas on Ericales and ectomycorrhizas with various trees ( Vrålstad et al., 2002) .
We demonstrated that some sebacinoid hymenomycetes are unspecific ectomycorrhizal symbionts in silva, therefore confirming that such symbioses constitute an overlooked trophic strategy in this group. This should also be investigated for genera such as Efibulobasidium, Tremellodendron, Tremelloscypha and Craterocolla, that are phylogenetically related to, if not to be placed among, the ectomycorrhizal sebacinoid species (Weiß & Oberwinkler, 2001; Selosse et al., 2002) . Recent studies have also shown that some other hymenomycete taxa, previously considered as purely saprophytic, are ectomycorrhizal, such as tomentolloids (Koljalg et al., 2000) . Strikingly, both tomentolloids and sebacinoids form inconspicuous sporophores that encrust dead or living material in their vicinity, explaining why several sebacinoid species were first classified among tomentolloids (Martin, 1952) . Both the fruiting aspect and the relatedness to tomentolloids probably contributed to suggest a saprophytic nutrition in early studies. But whether the ecological importance of sebacinoids equals that of tomentolloids remains to be investigated.
Like our sebacinoids, Thanatephorus gardneri, a distantly related Rhizoctonia species, was claimed to form nonspecific ectomycorrhizas, at least in vitro (Warcup, 1985) . This suggests either that the ectomycorrhizal ability emerged at least twice among basal hymenomycetes (Hymenomycetidae sensu Wells & Bandoni, 2001) , or that the ectomycorrhizal condition is ancestral in this group, a condition that would have been repetitively lost, giving rise to secondary saprophytic groups. The latter scenario has been supported for the homobasidiomycetous hymenomycetes (Hibbett et al., 2000) and if it extends to the basal lineages of hymenomycetes (Begerow et al., 1997; Weiß & Oberwinkler, 2001) , it would represent a general feature of the whole group: ectomycorrhiza could then be the ancestral condition of all hymenomycetes. In the future, more attention should therefore be paid to the ectomycorrhizas of heterobasidiomycetous hymenomycetes, not only in ecological researches, but also in phylogenetic and evolutionary studies.
